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Abstract
A model to simulate cleavage crack propagation in steels with anisotropic crystal orientation is proposed. The model is based on a
criterion that one of the three {100} planes having highest normal stress exceeding the critical stress is selected as a cleavage plane
in a grain in front of a crack tip. The normal stress on {100} planes is calculated from linear elastic crack tip stress field and crystal
orientation distribution. The crack tip stress field is calculated from mixed mode stress intensity factors derived from first-order
approximations where crack surface irregularity and crack front non-straightness, crack closing force acting at ridges between
cleavage facets are considered. The crystal orientation distribution is obtained by Electron Back Scattering Diﬀraction (EBSD)
measurement. Using the model, we simulated cleavage crack propagations for diﬀerent specimen directions in a steel with texture.
First, we compared simulated fracture surface morphology with the actual fracture surfaces obtained from small crack arrest test
specimens. Both morphologies showed good agreement. Next, we simulated crack propagation at diﬀerent crack orientations with
the use of the model and examined a dependence of crack propagation resistance on crack orientation. Anisotropy of arrest crack
length simulated by the model corresponded to that observed in the small crack arrest tests. Therefore, the model can simulate
cleavage crack propagation considering anisotropic crystal orientation distribution.
c© 2014 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of
Structural Engineering.
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1. Introduction
A cleavage crack is abruptly initiated and can potentially lead to fatal damage of large structures. Moreover, it is
impossible to eliminate the possibility of cleavage crack initiation from underlying flaws or fatigue cracks. To prevent
cleavage fracture, we can utilize controlled rolling to improve toughness of steel plates through grain refinement. The
controlled rolling process, however, may introduce texture.
The texture of the controlled rolled steels might lead to toughness anisotropy. Especially, it is known that {100}
<011> texture develops through rolling at austenite-ferrite two phase region or ferrite region. Thus, toughness of
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the direction 45 degrees from rolling (L) direction relatively decreases. Controlled rolling certainly refines grain,
but Bhattacharjee et al. (2004) showed that average misorientation angle between neighboring grains is small in con-
trolled rolled steels, and eﬀective grain size which contributes to cleavage fracture increases. Note that a quantitative
relationship of the eﬀective grain size and toughness was unclear in the above research.
The texture influences behavior of cleavage crack propagation, as well. Katsuta et al. (1990) explained why a
crack propagates through a saw-like path in steel plates having in-plane toughness anisotropy. Yoshinari and Aihara
(2000) analyzed microscopic behavior of brittle crack propagation considering texture obtained by EBSD, with a two
dimensional crack propagation model.
As stated above, the researchers studied a relationship between toughness anisotropy and texture of steels, but
many of these studies are qualitative. Thus, more quantitative analysis is needed. Previously, Aihara and Tanaka
(2011) proposed a three dimensional cleavage crack propagation model and reproduced grain-level cleavage crack
propagation. Based on the model, they quantitatively evaluated that toughness increases with tear ridge formation
between cleavage facets as a result of grain refining. In the present paper, the authors apply this model to controlled
rolled steels, and consider the eﬀects of texture on cleavage crack propagation behaviors.
Nomenclature
σmaxn highest normal stress on the three {100} planes of one grain
σc local critical stress
Keq−normal local stress intensity factor
Kc−local local critical stress intensity factor
E Young’s modulus
ν Poisson’s ratio
σY yield stress
2. Three dimensional cleavage crack propagation model
For ferritic steels having bcc lattice, cleavage crack propagates along {100} planes of grains. The authors assume a
cleavage fracture in a grain at a crack tip as shown in Fig. 1. One of the three {100} planes in the grain is assumed to
be selected as a cleavage plane. The selection is based on a local stress criterion; one of the three {100} planes having
highest normal stress σmaxn , exceeding critical stress σc, is assumed to be cleaved. Thus, cleavage crack propagating
condition can be expressed as
σmaxn ≥ σc (1)
σmaxn are calculated from a crack tip stress field and normal vectors of the {100} planes in the grain. A crack tip
stress field may be calculated by Finite Element Method (FEM) but it takes much time to calculate it every time step as
Crack front
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Fig. 1. Cleavage fracture model, schematic.
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a crack propagates. For this reason, the authors use asymptotic solution of the crack tip stress field. In this approach,
Eq. (1) can be expressed with the use of stress intensity factors. The authors assume a local stress intensity factor Ktipα ,
where α (=1,2,3) corresponds to crack opening modes. Ktipα is calculated considering crack surface irregularity (Gao
(1992)), crack front non-straightness (Rice (1985)) and crack closing force acting at ridges between cleavage facets
(Hoagland et al. (1972)). Thus, Eq. (1) is rewritten with a local critical stress intensity factor Kc−local as follows.
Keq−normal ≥ Kc−local (2)
where
Keq−normal = σmaxn
√
2πrc = nmi K
tip
α f αi j (θ)nmj (3)
Kc−normal = σc
√
2πrc (4)
nmi is a normal vector of the {100} plane having highest normal stress, f αi j (θ) is a function corresponding to α
(Anderson (2005)), rc is the characteristic length which is an order of the lattice parameter of the crystal.
Because this model assumes polycrystalline structure of a material, a cleavage crack successively propagates from
grain to grain. Based on these algorithm, the model calculates cleavage planes at each time step, and constructs a
crack surface.
In the present paper, the authors apply crystal orientation distribution data obtained from EBSD analysis to the
model to reproduce anisotropy of cleavage crack propagating behavior.
3. Experiments
3.1. Sample
The authors conducted experiments to validate the present model using a laboratory melt controlled rolled steel
(Sugimoto (To be submitted)). Thickness was 20 mm. The sample had ferrite-pearlite microstructure elongated to
the rolling direction. Averaged ferrite grain size and mechanical properties of the sample are shown in Table 1. Yield
stress and tensile strength were obtained for L, transverse (T) direction and in-plane 45 degree (R) direction. Charpy
impact fracture appearance transition temperatures (FATT) were obtained for the three specimen directions, LT, TL
and R. While yield stress and tensile strength showed little anisotropy, FATT showed clear anisotropy, i.e., R direction
had the lowest toughness.
Table 1. Grain size and mechanical properties
Grain size (μm) Yield stress (MPa) Tensile strength (MPa) FATT (◦C) Arrested crack length in the small crack arrest test (mm)
L: 405 L: 498 LT: -80 LT: 2
24.3 T: 420 T: 499 TL: -75 TL: 2
R: 399 R: 495 R: -70 R: 28
Fig. 2 shows {100} pole figure of this sample, obtained by EBSD. The sample had texture typical of controlled
rolled steels.
3.2. Small crack arrest test
To observe the anisotropy of cleavage crack propagation behavior, the authors conducted small crack arrest tests.
The specimen size was 40×40×20 mm, machined notch depth was 10 mm and notch tip radius was 0.25 mm. Three
specimen directions, LT, TL and R were used, as same as the Charpy impact tests. Prior to the test, compressive loading
was applied to the notch in order to introduce tensile residual stress and to facilitate cleavage fracture initiation. The
specimens were then cooled to liquid nitrogen temperature and a wedge was inserted into the notch to initiate fracture.
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Fig. 2. {100} Pole figure.
20ȝm
(a)LT
20ȝm
(b)TL
20ȝm
(c)R
Fig. 3. Cleavage crack propagation directions and discontinuous boundaries.
As shown in Table 1, arrested crack lengths were 2 mm in the LT and TL specimens, and 28 mm in the R specimen,
the last one being almost complete fracture of the specimen. Thus, clear anisotropy of cleavage crack propagation
behavior was recognized.
After the crack arrest test, fracture surfaces were observed by Scanning Electron Microscope (SEM). Cleavage
facet unit was elongated to crack propagation direction, especially in TL and R specimens. Tear ridges between
cleavage facet unit were remarkable, in LT specimen. To clarify features of the fracture surfaces, the authors observed
river patterns and defined crack propagation direction in every cleavage facet unit. In addition, if the crack propagation
direction was discontinuous, lines were drawn there. Fig. 3 shows results of these observations with the discontinuous
boundary lines.
Regions surrounded by the discontinuous boundary lines were smaller in the order of LT, TL, R. The same tendency
were recognized in fracture surfaces of the Charpy impact test specimens.
4. Crack propagation simulations
With the use of the crystal orientation distribution data shown in Fig. 2, cleavage crack propagation behavior was
simulated by the model.
In the simulation, we assumed E = 206 GPa, ν = 0.3 and σY = 1,000 MPa, considering the dependence of σY on
strain rate. Critical strain of tear ridges was assumed equal to 2.1. Grains were assumed equiaxed with size of 20 μm.
In the thickness direction, 25 crystals were set. Each crystal orientation was determined by random sampling from the
EBSD data.
Kc−local was equal to 20 MPa
√
m. It is to be noted that Kc−local represents a crack propagation resistance of a
ferrite grain and assumed independent of the specimen direction. Thus, we assumed Kc−local was independent of the
specimen direction.
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A calculation was conducted in 100 time step and crack lengths of the final time step was obtained. Assuming
the same Kc−local and specimen direction, crack lengths were diﬀerent in each calculation because sampled crystal
orientations scattered. Thus, the calculation was repeated 10 times for each specimen direction. Fig. 4 shows results
of the simulations. Average arrest crack length of the LT, TL, R specimen were 518, 870, 1036 μm, respectively.
Fig. 5 shows examples of the simulated fracture surfaces. In the LT specimen, the fracture surface irregularity was
significant and the crack was arrested in a shorter length. On the other hand, in the R specimen, the fracture surface
was relatively flat, and the crack propagated longer. Long arrested crack length represents low toughness in the R
direction. Thus, the results of the simulation showed good agreement with those of the small crack arrest tests.
5. Discussion
Texture of controlled rolled steels can be roughly classified in two types. One is that a (100) plane is parallel to
the rolling plane and [011] direction is parallel to the rolling direction and this plane is rotated around the [011] axis.
The other is that a (111) plane is parallel to the rolling plane and rotated around the normal vector of the rolling
plane. In the former type, normal vectors of {100} planes are concentrated on R direction. That is why toughness
is low in the R direction. Anisotropy of cleavage crack propagation behavior cannot, however, be discussed from
only crystal orientation distribution because cleavage crack propagation is an event that ferrite grains are successively
cleaved. Thus, energy absorption by tear ridges formed between the cleavage facets should be considered, as well. As
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Fig. 4. Calculated arrest crack lengths by the simulation, grain size 20 μm.
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Fig. 5. Constructed cleavage fracture surfaces by the simulation.
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Fig. 6. Cleavage crack propagation directions and discontinuous boundaries in simulation.
shown in Fig. 5, a cleavage crack never planarly propagates, tear ridges are invariably formed. Especially in the LT or
TL direction, cleavage planes locally propagated to very diﬀerent direction and formed deep tear ridges. These tear
ridges decrease microscopic stress intensity factor and suppressed crack propagation. The authors conclude that this
process contributes to the increase in the crack propagation resistance. In the R specimen, cleavage planes frequently
propagated to similar directions and few deep tear ridges were formed. In this way, macroscopic crack propagation
resistance was lower in this direction.
Fig. 6 shows simulated fracture surfaces. Crack propagation directions in each grain and the discontinuous bound-
ary lines are drawn, as in Fig. 3. While crack propagation direction frequently varied in the LT and TL directions, it
was relatively similar with each other and regions surrounded by the discontinuous boundary lines were larger in the
R direction. Comparing Fig. 3 and Fig. 6, qualitatively good agreement of the experiments and the simulations was
found. This fact indicates a validity of the present simulation model.
6. Conclusions
The authors concluded as below from the cleavage crack propagation simulation model and fractography of the
small arrest tests.
(1) As a result of the Charpy impact tests and the small arrest tests, a controlled rolled steel had lowest toughness
in the R direction.
(2) Applying crystal orientation distribution data obtained by EBSD to the cleavage crack propagation simulation
model, the authors analyzed eﬀects of texture on toughness. As a result, it was found that crack propagation
resistance decreased in the order of the LT, TL, R direction.
(3) Observing the fracture surfaces, the authors confirmed that regions surrounded by the discontinuous boundary
lines were smaller in the order of the LT, TL, R direction. Therefore, it is necessary to consider not only crystal
orientation distribution but also tear ridges formed between cleavage facets in order to quantitatively evaluate
anisotropy of toughness.
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